The contributions of aerobic and anaerobic muscle metabolism to the heat produced in porcine malignant hyperthermia were studied in seven Pietrain pigs. Oxygen consumption measurements were used to calculate the increase in muscle temperature as a result of aerobic metabolism and this was compared with the observed muscle temperature. The results show that in the initial stages of porcine malignant hyperthennia heat production is largely aerobic in origin. Terminally, aerobic metabolism can account only for about half the observed temperature increase.
There is now little doubt that the primary site of heat production in porcine malignant hyperthennia (MH) is skeletal muscle (Britt and Kalow, 1970; Britt, 1972; Relton, Britt and Steward, 1973 ). An increase in muscle temperature is one of the early signs of the onset of MH, together with the metabolic changes indicative of severe muscle stimulation (Lucke, Hall and lister, 1976) . Clark and colleagues (1973) noted that, in hyperthermic Poland China pigs, the temperature of the femoral venous blood was up to 2 °C greater than that of the femoral arterial blood. This study emphasized further the importance of skeletal muscle metabolism in the heat production in porcine MH.
The relative contributions of aerobic and anaerobic muscle metabolism to the thermogenesis in MH were investigated by Berman and colleagues (1970) . On the basis of oxygen consumption and oesophageal temperature measurements, in two hyperthermic Landrace pigs, these workers concluded that anaerobic metabolism was the major source of heat production. Gatz (1973) argued, on theoretical grounds, that the thermogenesis in MH was largely aerobic in origin. The authors have analysed the data on oxygen consumption and muscle temperature recorded in seven hyperthermic Pietrain pigs (Lucke, Hall and Lister, 1976) to assess the relative contributions of aerobic and anaerobic muscle metabolism to the heat produced in porcine MH.
METHODS
The experimental protocol and methods used for the determination of oxygen consumption and muscle temperature have been described previously (Lucke, Hall and Lister, 1976) .
In an analysis of the data the following methods were adopted. As the development of MH was particularly rapid in the two animals triggered with suxamethonium alone, these results were treated separately from the five pigs in which halothane also was administered. The mean overall oxygen consumption (ml/min STPD) for the suxamethonium pigs and the suxamethonium and halothane pigs was calculated. From these results the total amount of oxygen consumed above basal requirements (expressed as m mol oxygen/kg muscle) was obtained by integrating the mean overall oxygen consumption rate over time intervals during which the rate did not change too rapidly. Muscle weight in the Pietrain pigs was taken as 46% of body weight for 55-kg pigs (based upon complete anatomical dissection of Pietrain pigs of this weight, Meat Research Institute, unpublished results).
It was assumed that all the oxygen consumed above basal levels was used by the muscles to oxidize glucose and that the heat produced was not significantly dissipated. Thus: heat produced = muscle weight x specific heat x temp, increase; therefore:
Temp. inc. = heat produced muscle weight x specific heat and Temp. inc. = (O 2 used > basal) x enthalpy of glucose oxidn. muscle weight x specific heat
As the enthalpy of glucose oxidation is 113.3 kcal/ mol O 2 (Lehninger, 1970) and the specific heat of muscle is 0.85 cal/g/°C, the temperature increase in muscle as a result of oxidation is given by: From equation (1) the calculated value of muscle temperature increase was then compared with the observed temperature increase recorded by the muscle thermistor.
RESULTS
The mean overall rates of oxygen consumption (ml/min STPD) and the observed muscle temperatures are shown in figures 1A (for suxamethonium and halothane) and 1B (suxamethonium alone). When the hyperthermic response was well established, oxygen consumption rates over 800 ml/min were recorded. Terminally there was a marked reduction in oxygen consumption, although the rate of muscle temperature increase did not decline. The total oxygen consumption above basal requirements (mmol/kg muscle), derived by integration of values in figure 1, and the observed muscle temperatures are plotted in figures 2A and 2B. The shape of the two curves is very similar until the terminal stages of the hyperthermic response when oxygen consumption was decreasing. In figure 3 the observed increase in muscle temperature is plotted against the calculated value derived from equation (1). The observed and calculated values agree well in the early stages of the response, but above a muscle temperature of 40 °C the observed muscle temperature increased more quickly than expected from consideration of the oxygen consumption alone. In the terminal stages the difference between the observed muscle temperature and the calculated muscle temperature was 2.6 °C for the pigs anaesthetized with suxamethonium and halothane and 2.25 °C for the pigs anaesthetized with suxamethonium alone. Figure 3 shows that at a muscle temperature greater than 40 °C, aerobic glycolysis is unable to supply sufficient heat to account for the observed rate of increase in temperature. The discrepancy between the observed and calculated muscle temperatures was most marked in the terminal stages of the hyperthermic response when systemic arterial hypotension and a further increase in the plasma lactate concentration were found (Lucke, Hall and Lister, 1976) . A massive stimulation of anaerobic glycolysis would be expected terminally and it is possible to calculate the lactate production in muscle necessary to account for the additional heat produced. In the case of the five pigs triggered with suxamethonium and halothane, the difference between the observed and calculated muscle temperatures was 2.6 °C in the terminal stage. This is equivalent to an additional heat production in the pig equal to 55 kcal (muscle weight (kg) x specific heat x temperature increase). As the production of lactate in muscle yields 20 kcal/mol (Wilkie, 1960) , the additional heat production of 55 kcal requires the production of: 2.75 mol lactate divided by total muscle weight = 108 m mol lactate/kg muscle. For the two pigs triggered with suxamethonium alone, the additional heat produced requires a terminal lactate concentration of 94 m mol/kg muscle. Berman and Kench (1973) reported muscle lactate values of 100 m mol/kg in the terminal stages of a hyperthermic response in Landrace pigs.
DISCUSSION
Thus, most of the extra oxygen is used initially to oxidize glucose in muscle, but in the terminal stages lactate production increases and can account for the extra increase in temperature in excess of that resulting from glucose oxidation. These results appear to offer a satisfactory explanation for the source of heat in porcine MH but it must be emphasized that there are several assumptions in the calculations. For example, (a) all the oxygen consumed above basal requirements was assumed to be required for glucose oxidation in muscle; (b) the muscle temperature recorded was assumed to be representative of the total musculature; (c) heat loss was ignored. Examination of the biochemical data reported from these seven pigs by Lucke, Hall and Lister (1976) indicates an increase in plasma lactate values after the first dose of suxamethonium to concentrations in excess of 10 m mol/ litre. Thus some anaerobic metabolism must have been present in muscle following this severe initial stimulation, although the plasma lactate concentration thereafter showed little change until the 27 terminal stages. It is of interest that, in the established hyperthermic response, similar oxygen consumption rates were recorded in those pigs triggered with suxamethonium and halothane ( fig. 2A ) and suxamethonium alone (fig. 2B ). The method of stimulating muscle metabolism seems to have little effect on the proportion of aerobic to anaerobic metabolism.
Heat production in the liver has not been considered in this analysis, although Berman and colleagues (1970) recorded a rapid increase in hepatic temperature in porcine MH. Gluconeogenesis from the circulating lactate, and a small amount of lactate oxidation, will contribute to heat production. The exact value of this hepatic contribution is difficult to assess without an accurate estimation of hepatic lactate clearance in the pig. Furthermore, Evans and colleagues (1975) found a gross impairment in gluconeogenesis and lactate oxidation in the liver of MH susceptible pigs. Berman and colleagues (1970) concluded that less than 10% of the heat production in hyperthermic Landrace pigs could be accounted for by aerobic metabolism and that 25% was a result of anaerobic metabolism. In a further estimate of heat production utilizing direct measurement of muscle metabolites, Berman and Kench (1973) reported that anaerobic metabolism could account for 50% of the heat produced. On the basis of the calculations presented in this paper, the authors conclude that aerobic muscle metabolism is responsible for nearly all the heat produced in the initial stages of porcine MH, but this decreases to about 50% of the total heat production in the terminal stages. 
SUMARIO
Se estudi6 en siete cerdos Pietrain la aportaci6n del metabolismo aer6bico y anaer6bico en el musculo al calor producido en la hipertermia porcina maligna. Se utilizaron mediciones de consumo de oxigeno para estudiar el incremento en la temperatura del musculo como un resultado del metabolismo aer6bico y se comparo esto con la temperatura del musculo observado. Los resultados muestxan que en las fases iniciales de la hipertermia porcina la produccidn del calor es en gran parte de origen aerobico. Terminalmente el metaboh'smo aer6bico puede responder nada mas por cerca de la mitad del aumento de temperatura observado.
